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To better understand the physiological mechanisms responsible for the differential motor 
cortex functioning in aging, we used transcranial magnetic stimulation to investigate inter- 
hemispheric interactions and cortical representation of hand muscles in the early phase of 
physiological aging, correlating these data with participants' motor abilities. Right-handed 
healthy subjects were divided into a younger group (n = 15, mean age 25.4± 1.9years 
old) and an older group (n = 16, mean age 61.1 ±5.1 years old). Activity of the bilateral 
abductor pollicis brevis (APB) and abductor digiti minimi (ADM) was recorded. Ipsilateral 
silent period (ISP) was measured in both ARBs. Cortical maps of APB and ADM were 
measured bilaterally. Mirror movements (MM) were recorded during thumb abductions. 
Motor abilities were tested using Nine Hole Peg Test, finger tapping, and grip strength. 
ISP was reduced in the older group on both sides, in terms of duration (p = 0.025), onset 
(p = 0.029), and area (p = 0.008). Resting motor threshold did not differ between groups. 
APB and ADM maps were symmetrical in the younger group, but were reduced on the right 
compared to the left hemisphere in the older group (p = 0.008). The APB map of the right 
hemisphere was reduced in the older group compared to the younger (p = 0.021). Older 
subjects showed higher frequency of MM and worse motor abilities (p < 0.001). The reduc- 
tion of right ISP area correlated significantly with the worsening of motor performances. 
Our results showed decreased interhemispheric interactions in the early processes of 
physiological aging and decreased cortical muscles representation over the non-dominant 
hemisphere. The decreased ISP and increased frequency of MM suggest a reduction of 
transcallosal inhibition. These data demonstrate that early processes of normal aging are 
marked by a dissociation of motor cortices, characterized, at least, by a decline of the 
non-dominant hemisphere, reinforcing the hypothesis of the right hemi-aging model. 

Keywords: physiological aging, transcranial magnetic stimulation, ipsilateral silent period, muscle cortical maps, 
motor performances 



INTRODUCTION 

During physiological aging, the human brain undergoes a series 
of morphological and functional changes. In healthy aging, cog- 
nitive and simple motor tasks produce more symmetrical and 
widespread cortical activation compared to young adults, due to 
a higher recruitment of cortical areas of both hemispheres, as 
supported by functional neuroimaging (Hutchinson et al., 2002; 
Mattay et al, 2002; Riecker et al, 2006; Ward et al, 2007) and elec- 
troencephalographic (EEG) studies (Sailer et al., 2000; Labyt et al, 
2006;Vallesi etal., 2010). 

In cognitive processes, this greater bilateral cortical activation 
seems to reflect compensatory mechanisms, in order to support 
cognitive abilities in healthy older people (Cabeza et al., 2002; Dol- 
cos et al., 2002). Conversely, evidence for a positive effect of this 
cortical hyperactivation on motor functions is less clear. Func- 
tional neuroimaging (Riecker et al., 2006) and EEG (Inuggi et al., 
2011) studies demonstrated that this bilateral cortical activation 
was still characterized by reduced motor abilities in aging. These 
results suggest that the more symmetrical motor cortex activity 



observed in physiological aging would not be due to a compen- 
satory mechanism (Inuggi et al., 2011). Therefore, the functional 
modulations revealed in motor cortices during physiological aging 
are likely to be related to a loss of balance between excitatory and 
inhibitory circuits. 

A major hypothesis is that this could be related to changes 
in interhemispheric connections between motor cortices (Talelli 
et al., 2008), due to either a loss of transcallosal fibers or to a 
decreased excitability of interhemispheric connections. Transcra- 
nial magnetic stimulation (TMS) has been used to investigate the 
effects of aging on interhemispheric inhibition (IHI). A paired- 
pulse TMS study, with conditioning stimulus on the hemisphere 
ipsilateral to the moving hand and a contralateral test stimulus, 
showed no age-related differences in IHI at rest, but demon- 
strated an enhanced IHI in young subjects during unilateral move- 
ments (from the activated hemisphere to the resting one) (Talelli 
et al, 2008). This IHI modulation during movement was absent 
in the older group, showing functional alteration of the IHI in 
physiological aging. 
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More recently, single-pulse TMS was used to study IHI in aging 
using the ipsilateral silent period (ISP) (Davidson and Tremblay, 
20 13; Petitjean and Ko, 2013). These studies demonstrated a reduc- 
tion in ISP in terms of duration (Petitjean and Ko, 2013) and area 
(Davidson and Tremblay, 2013) in older subjects compared to 
younger participants. The ISP consists in stimulating one motor 
cortex during maximal voluntary contraction of the ipsilateral 
hand (Ferbert et al., 1992). The stimulated motor cortex would 
induce a transcallosal IHI of the opposite motor cortex (Meyer 
et al., 1995). This inhibition is detectable as a pause in the ipsi- 
lateral electromyographic (EMG) trace (ISP). Although both IHI 
and ISP represent a phenomenon of IHI, they are due to differ- 
ent neuronal mechanisms (Chen et al., 2003). The advantage of 
studying ISP is that, unlike IHI, representing a reduction of motor 
evoked potential (MEP) amplitude, ISP represents a direct mea- 
sure of the interhemispheric control of voluntary cortical motor 
output (Giovannelli et al, 2009). 

In line with decreased interhemispheric interactions, physio- 
logical aging can be accompanied by an increased in mirror move- 
ments (MM), or more generally motor overflow (MO), reflecting 
all kinds of involuntary movements that appear in other muscular 
districts during the execution of a voluntary muscle contrac- 
tion (Hoy et al., 2004). MM are due to an impaired transcallosal 
inhibition (Bodwell et al., 2003) and are generally observed in 
neurological disorders involving the corpus callosum, such as com- 
plex congenital syndromes (Gallea et al., 201 1) or also post-stroke 
(Chieffo et al., 2013). 

The increased symmetrical motor cortex activation observed 
in aging could also be due to an increased cortical representa- 
tion of the different muscles involved in the movement, or to an 
increased excitability of these motor representations. Regarding 
the excitability of the motor cortex in physiological aging, no con- 
sensus has been found since some authors found no significant 
differences in resting motor threshold (RMT) between young and 
older people (Pitcher et al., 2003; Oliviero et al., 2006; Fujiyama 
et al., 2012), while others revealed a significant increase in RMT 
(indicating a lower excitability) in older subjects (Rossini et al., 
1992; Petitjean and Ko, 2013). Peinemann et al. (2001) found only 
a trend toward a slightly lower RMT in younger compared with 
older subjects. 

Thus, in order to better understand the physiological mecha- 
nisms responsible for this differential motor cortex functioning 
in aging, it is necessary to provide complementary data on the 
different aspects of motor control. To this aim, we investigated 
interhemispheric interactions (using ISP) in physiological aging 
and correlated this functional data with cortical representation 
of various hand muscles (using TMS mapping) and with par- 
ticipants' motor performance (using hand motor function tests). 
Moreover, in order to better understand the mechanisms of physi- 
ological aging, we decided to focus on the early phase of aging and 
included healthy people in the age-range 50-70 years old. 

MATERIALS AND METHODS 
POPULATION 

Thirty-one healthy volunteers were included in this study and 
divided into two groups: younger (15 subjects, 6 females, mean 
age±SD: 25.4 ± 1.9 years, range 21-28years old) and older 



(16 subjects, 7 females, mean age±SD: 61.1 ± 5.1 years, range 
51-72 years old). AH subjects were fully right-handed, having 
obtained the maximal score at a translated modified version of 
the Edinburgh Handedness Inventory (Oldfield, 1971). Partici- 
pants had no history of neurologic or psychiatric disorders, drug 
abuse, current use of psychoactive medications, neurosurgery, and 
metal/electronic implants or other contraindications for the use 
of TMS (Rossi et al., 2009). Subjects gave their written informed 
consent before participating in the study, which was approved by 
the Institutional Ethics Committee. 

TRANSCRANIAL MAGNETIC STIMULATION 

Transcranial magnetic stimulation was delivered by a Magstim 
200 simulator (Magstim Company, Ltd., Whidand, Dyfed, UK) 
connected to a figure-of-eight coil (Magstim second generation, 
70 mm of external diameter). EMG activity of the bilateral abduc- 
tor poUicis brevis (APB) and abductor digiti minimi (ADM) 
muscles were recorded using surface Ag/AgCl electrodes in a belly 
tendon montage. The coil was positioned over the best scalp loca- 
tion (hotspot, marked on a fitting polyester cap that subjects were 
wearing) for optimal MEPs over the contralateral target muscle 
(APB or ADM). RMT was defined as the lowest intensity that 
could induce a 50 |iV peak-to-peak amplitude MEP in at least 5 
out of 10 trials (Rossi et al, 2009). RMTs were measured on each 
side. For ISPs measurements, 15 stimuH were applied at an inten- 
sity of 90% of the stimulator output (Chen et al, 2003; Trompetto 
et al., 2004; Spagnolo et al., 2013) whUe subjects were performing 
a voluntary maximal contraction of the ipsilateral APB muscle. 
In between the TMS pulses, subjects were instructed to relax for 
4-8 s. Both hemispheres were tested. 

For the cortical maps registration, a grid centered on the ver- 
tex was placed on the polyester cap. Intersection points of the 
grid lines were spaced 1 cm apart and served as visual references 
for coil positioning. Over each hemisphere, a total of 144 inter- 
section points were drawn. TMS pulses were delivered at 115% 
RMT, starting from point 1, placed 6 cm laterally to the vertex. 
Then, the coil was moved following growing clockwise (for the 
right hemisphere) or anticlockwise (left hemisphere) spirals, from 
one point to another until no MEP could be evoked. Four TMS 
pulses were applied over each stimulating point. At the end of the 
session, each stimulating point as well as anatomical references 
(nasion, vertex, left, and right tragus) were digitized (Polhemus©, 
FastTrak, Colchester, VT, USA). 

Electromyographic signals were sampled at 2 kHz, amplified 
and bandpass filtered (30-1000 Hz). Impedances were kept below 
5kQ,. Data were acquired using the SynAmp/SCAN 4.3 system 
(Compumedics Germany GmbH, Singen, Germany) and stored 
on a computer for off-line analyses. 

HAND MOTOR PERFORMANCE 
Mirror movements 

Participants were comfortably seated on an armchair, their fore- 
arms and pronated hands resting on a table in front of them. They 
performed voluntary phasic ("brief and brisk") thumb abduc- 
tions in response to a verbal "go" command (10 trials at inter- trial 
interval of 4 s). EMG was recorded bilaterally. The occurrence of 
MM in the opposite muscles was inspected off-line. For each trial. 
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the single rectified EMG traces were averaged. If EMG average 
showed an involuntary activity in the contralateral homologous 
muscle, MM was considered positive (MM score = 1), otherwise 
MM score was considered as 0 (Spagnolo et al., 2013). 

Nine Hole Peg Test 

Nine Hole Peg Test (NHPT) score (Oxford Grice et al, 2003) con- 
sisted of the time taken by the subject to insert every peg in the 
empty holes and then remove them and place them back in the 
shallow container, as quickly as possible. The test was performed 
twice. The fastest speed among the two trials was kept for further 
analyses. 

Finger tapping 

Subjects were comfortably seated on a chair, their forearm and 
hands resting on a table placed in front of them. Participants were 
instructed to press on a left-button mouse as fast as possible during 
10 s with their index finger. The test was performed three times, 
with both hands, in random sequence. Tapping frequency was 
calculated using STIM software (Compumedics Germany GmbH, 
Singen, Germany) . The mean frequency of the three trials, for each 
hand, was kept for analyses. 

IVIartin's vigorimeter 

Grip strength was measured using the Martin's dynamometer 
(Martin's Vigorimeter; BCB Ltd., Cardiff, Wales, UK). Subjects 
were comfortably seated on a chair, their back leaning against the 
back of the chair and their feet fully resting on the floor. They were 
asked to grab the dynamometer with their elbow flexed at 90° and 
their wrist extended between 0° and 30° and squeeze as hard as 
they could for a few seconds. Three trials per side were recorded 
for each subject, and the averages of the three scores were kept for 
further analyses. 

Hand motor function scores asymmetry was calculated by sub- 
tracting left hand (L) from the right (R) values, and normalizing 
by their sum: 

R- L 

Asym = 

' R+L 

TMS DATA ANALYSES 

Ipsilateral silent period durations were determined by rectifying 
the EMG traces before average. ISP onset was defined as the latency 
at which the averaged EMG activity became constantly (for at 
least 10 ms) smaller than the averaged baseline contraction level 
(between —60 and — 10 ms before stimulus; Spagnolo et al., 2013). 
ISP offset was set at the first point after ISP onset at which the 
EMG activity regained the baseline activity for at least 10 ms. ISP 
duration was defined as: 

fSPduration — ISPoffset ISPonset 

We also measured the ISPareai which was normalized according 
to the degree of muscle contraction pre-trigger, in order to correct 
for intersubject variability. The ISP^rea (in mV x s), was calculated 
as [ISPampiitude X ISPdurationl) and then normalized according to 
the pre-trigger EMG amplitude as follows: [(ISP area — baseline 



area)/(baseline area x 100)]. ISPduration and normalized ISParea 
asymmetry were calculated by subtracting L from R-hand values, 
and normalizing by their sum: 

R-L 

Asym = 

' R + L 

To analyze the cortical maps, the four MEPs obtained at each 
stimulating point were averaged, and the mean peak-to-peak 
amplitude was measured. Then, the following parameters were 
calculated for each considered muscle (APB and ADM): 

( 1 ) maximal MEP amplitude; 

(2) map area (total number of stimulating sites in which the mean 
MEP was at least 50 (iV of amplitude). 

STATISTICAL ANALYSES 

All statistical analyses were performed with SPSS/PC-I- 13.0 (SPSS, 
Inc., Chicago, IL, USA). Normality of the data was assessed using 
the Kolmogorov-Smirnov test. For each variable, outliers were 
identified according to Tukey's method, implemented in SPSS, 
and excluded from the corresponding statistical analyses. Hand 
motor performance scores, RMTs, ISPs, and map parameters were 
analyzed either with an ANOVA for repeated measures, or the 
Conover's free distribution method, a non-parametric ANOVA 
based on ranks, depending on the data normality (Conover and 
Iman, 1982). For the ISP and motor performance analyses the two 
main factors were SIDE (two levels: right and left) and GROUP 
(two levels: younger and older). For the cortical maps analyses, 
the main factors were MUSCLE (two levels: APB and ADM) and 
HEMISPHERE (two levels: right and left). If a main effect or an 
interaction between the main factors was found, f-tests, Mann- 
Whitney, or WUcoxon tests (for unpaired or paired data) were used 
for post hoc analyses. Asymmetry values were compared between 
groups using Mann- Whitney or f-tests, depending on the normal- 
ity of the data. MM frequency was compared between groups using 
Chi-square analyses. After having subdivided subjects according 
to the occurrence of MM (including both younger and older sub- 
jects), we used non-parametric Mann- Whitney tests to confront 
ISP parameters between these latter subgroups (group 1: pres- 
ence of MM, group 2: no MM). Cross-sectional and longitudinal 
correlations between TMS and behavioral data were assessed using 
Pearson or Spearman tests, according to the data distribution. Data 
were considered significant when p < 0.05. 

RESULTS 

Eight participants (four older subjects) did not tolerate the high 
intensity used during ISP measurements and were thus excluded 
from the ISP analyses, leading thus to «= 12 in the older group, 
and « = 1 1 in the younger group for ISP and correlation analyses. 
However, these subjects were kept for hand motor performance 
and cortical map analyses. 

TMS DATA 

Conover analysis showed no group differences in terms of RMT, 
but showed a significant SIDE effect (_Fi,29 = 13.931; p = 0.001), 
left hemisphere RMTs being lower than right hemisphere [mean 
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RMT ± SD (% stimulator output); older group: left hemisphere = 
50.9 ±8.4, right hemisphere = 58.1 ± 12.1; younger group: left 
hemisphere = 48 ± 4.9, right hemisphere = 53.4 ± 11.1]. 

The ANOVA for repeated measures showed a significant SIDE 
effect (Pi,i8 = 9.841; = 0.006) and a significant GROUP effect 
(_Fj J8 = 5.614; p = 0.029) for the ISPonset (one upper outlier for 
right ISPonset in the older group and two lower outliers for right 
ISPonset in the older group). ISPduration showed a significant SIDE 
effect (_Fi,2i =5.047; p = 0.036) as well as a significant GROUP 
effect (Pi,2i = 5.798; p = 0.025). In ISParea analyses, the ANOVA 
demonstrated also a significant GROUP effect (-Fijg = 8.82; 
p = 0.008), and a trend for a SIDE effect (Fi.ig = 3.567; p = 0.074) 
(one upper outlier for right ISParea in the older group and one 
lower outlier for right ISParea in the younger group). Thus, in 
the older group ISPonset was delayed, ISPduration and ISParea were 
reduced on both sides (see Figure 1). Moreover, in both groups, 



left hand ISP was significantly greater than right hand ISP (except 
for ISParea where only a trend was observed). It is noteworthy that 
pre-trigger EMG levels were similar in both groups {p > 0.05). ISP 
data are presented in Table 1. 

Regarding the map areas (Figure 2), in the younger group the 
repeated measures ANOVA showed a significant main effect of 
MUSCLE (_Fi,28 = 4.460; p = 0.04) and no significant main effect 
of HEMISPHERE (f 1,23 = 1.219; p = 0.279), demonstrating that 
APB had a greater cortical representation than ADM on both 
hemispheres. 

The older group showed no significant effect of MUSCLE 
(_Fi30 = 0.327; p = 0.572), but a significant main effect of HEMI- 
SPHERE (Pi,3o = 8.085; p = 0.008), showing that APB and ADM 
maps had similar areas and were reduced on the right hemisphere 
compared with the left hemisphere. Post hoc between-group f -test 
comparisons within the right hemisphere confirmed a significant 



1 ) ^ 



Younger group 



Older group 




FIGURE 1 I Ipsilateral silent period parameters (duration, area, and onset) according to group and side (average ± SD). L-IHem, left liemisplnere; R Hem, 
riglit hemispliere. *p < 0.05. Examples of ISP traces in one older and one younger subject are exposed on the lower part of the figure. 



Table 1 | ISP parameters (onset, area, duration, and offset) are shown in both groups of participants (younger and older). 

ISP parameters Younger p-Value Older group p-Value p-Value 

Average ± SD R vs. L Average ± SD R vs. L Younger vs. older 



Onset (ms) 


L 27.95 ±4.34 


p = 0.006* 


L 30.99 ±3.01 


p = 0.006* 


p = 0.029* 




R30.38±5.01 




R 35.41 ±11.69 




p = 0.029* 


Area (mV x s) 


L 53.28± 13.28 


ns 


L 46.93 ±13.03 


ns 


p = 0.008* 




R 49.62 ±11.88 




R 43.42 ±9.43 




p = 0.008* 


Duration (ms) 


L46.48± 11.39 


p= 0.036* 


L 38.05 ±6.59 


p = 0.036* 


p = 0.025* 




R41.5±12.3 




R32.89±9.88 




p = 0.025* 


Offset (ms) 


L 74.63 ±11.34 


ns 


L 69.04 ±5.68 


ns 


ns 




R71.88± 11.34 




R68.3± 11.89 




ns 



L, left; R, right; SD, standard deviation; ns, non-significant. 
*Statisticaily significant differences. 
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Younger group 



Older group 





Younger group 



Right hemisphere 





Older group 




FIGURE 2 I Cortical maps of APB and ADM muscles in the younger and tlie significant reduction of tlie right liemisphere maps of botli APB and ADIVI 

older groups. Upper left graph shows representations of APB and ADM muscles, respected to the left hemisphere, in the older group. The lower part 

muscles in the younger group, demonstrating a significantly reduced ADM of Figure 2 represents the significant reduction of the APB map over the right 

map compared to the APB, on both hemispheres. Upper right graph illustrates hemisphere in the older group, compared to the younger group. *p < 0.05. 



reduction of APB map in the older compared to the younger group 
(p = 0.021). No such differences were observed on the left hemi- 
sphere (p = 0.269). For ADM maps no significant differences were 
found between older and younger subjects, on both hemispheres. 

Conversely, the analyses of the maximal MEP amplitude (con- 
cerning both APB and ADM) did not demonstrate any signifi- 
cant differences, either between groups or between hemispheres 
(p > 0.05). The analyses of the asymmetry confirmed this latter 
result (p = 0.774). Cortical maps data are presented in Tables 2 
and 3. 

HAND MOTOR PERFORMANCE 

Brisk thumb movements induced significantly more MM in the 
older than in the younger group (in 9 older subjects and 1 
younger subject for right finger movements, p < 0.001; and in 13 
older subjects and 5 younger subjects for left thumb extension, 
p = 0.001) (see Figure 3). Subjects showing MM did not have sig- 
nificantly different ISP parameters compared to subjects without 
MM ip > 0.05). 

Regarding the NHPT analyses, the repeated measures ANOVA 
showed a significant main effect of SIDE (F'i_26 = 17.219; 



p < 0.001) and GROUP (^1,25 = 29.742;p < 0.001), as the younger 
had faster scores than the older group, and the right hand scores 
were better than the left hand, in both groups (one upper out- 
lier for right NHPT in the younger group, one upper outlier for 
left NHPT in the younger group, and one upper outlier for left 
NHPT in the older group). The same results were obtained for 
the finger tapping (FT) frequency (one upper outlier for left FT 
in the younger group): the younger group was faster than the 
older group (-Fi,28 = 30.3 3 7; p < 0.001), and performances were 
faster on the right compared with the left hand (f 1,28 = 60.681; 
p < 0.001). The ANOVA for repeated measures showed greater 
grip strength in the younger group (f 1,29 = 6.545; p = 0.016), and 
a strong trend for better scores with the right hand in both groups 
(although non-significant, _Fi_29 = 4.189; p = 0.051). The paired 
f-tests demonstrated that the asymmetrical hand motor perfor- 
mances (right better than left) did not differ between groups. 
Motor performances data are presented in Table 4. 

CORRELATIONS 

We found that hand motor performances (NHPT, FT, and 
grip strength) of both hands correlated significantly with the 
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Table 2 | Maps parameters for APB muscles are shown in both group of participants (younger and older). 



APB MAPS parameters 


Younger group 


p-Value 


Older group 


p-Value 


p-Value 




Average ± SD 


R vs. L 


Average ± SD 


R vs. L 


Younger vs. older 


Map area (A/ of active sites) 


L 15.4±6.17 


ns 


L 13.87±5.27 


p = 0.008* 


ns 




R 13.53±3.37 




R 9.93 ±4.69 




p = 0.021* 


MEP amplitude ([iV) 


L 798.77 ±546.29 


ns 


L819.19±948.7 


ns 


ns 




R 589.1 8 ±345.83 




R 583.06 ±652.87 




ns 


APB, abductor pollicis brevis; L-Hem, left hemisphere (dominant): R-l-lem, right hemisphere (non-dominant): MEP motor evoked potential: SD, standard deviation: ns. 


non-significant: L, Left: Fl, Flight. 












'Statistically significant differences. 












Table 3 | Maps parameters for ADM muscles are shown 


in both group of participants (younger and older). 






ADM MAPS parameters 


Younger group 


p-Value 


Older group 


p-Value 


p-Value 




Average ± SD 


R vs. L 


Average ± SD 


R vs. L 


Younger vs. older 


Map area (A/ of active sites) 


L 13.66±6.18 


ns 


L 14.37±4.16 


p = 0.008* 


ns 




R 11.8±4.26 




R 10.56±4.81 




ns 


MEP amplitude {[iV) 


L 705.38 ±52719 


ns 


L 1299. 85± 1256.05 


Ns 


ns 




R 554.63 ±330.29 




R631.55±623.91 




ns 



ADM, abductor digiti minimi; L-Hem, left hemispliere (dominant); R-Hem, right hemisphere (non-dominant); MEF^ motor evoked potential; SD, standard deviation; ns, 
non-signiftcant; L, Left; R, Right. 
^Statistically significant differences. 



Older group 



Younger group 



L-APB 



L-APB -v^WVwvvvHvM.^^'Mv^fw'^^^'-' 



FIGURE 3 I Examples of mirror movements in an older subject (upper 
traces), compared to a young subject (lower traces). 



right ISParea: a smaller right ISParea is associated with worse 
motor performances with both upper limbs in NHPT (for right 
NHPT p = 0.021, p = 0.499; for left NHPT p = 0.006, p = 0.576), 
FT (for right FT p = 0.009, p = -0.555; for left FT p = 0.027, 
p= -0.483), and grip strength (R: p = 0.024, p = -0.492; L: 
p = 0.049, p = —0.435). There were no further significant correla- 
tions with the other variables analyzed. 



DISCUSSION 

Our data are consistent with the fact that physiological aging is 
characterized by a deterioration of interhemispheric inhibition, as 
previously reported in recent TMS studies (Davidson and Trem- 
blay, 2013; Petitjean and Ko, 2013). The present results bring 
further details on these abnormal interactions by reporting aU 
components of ISP (duration, onset, and area) and correlating 
them with other measurements of motor control. 

The reduction of all ISP parameters, bilaterally, reflects a 
declined efficiency of interhemispheric interactions, most prob- 
ably due to a decreased transcallosal inhibition (Bodwell et al., 
2003). Indeed, physiological aging is accompanied by a progres- 
sive degeneration of the cerebral tissue as demonstrated by the 
reduction in fractional anisotropy in the cerebral white matter 
(Pfefferbaum et al, 2000; Pfefferbaum and Sullivan, 2003; Rovaris 
et al., 2003; Head et al., 2004). This progressive degeneration 
involves also the corpus callosum, especially in its anterior por- 
tions (Abe et al, 2002; Head et al, 2004; Ota et al., 2006) that 
connects bilateral motor cortices (Zarei et al., 2006). The defective 
interhemispheric communication might thus be responsible for 
the more symmetrical cerebral activity observed in EEG or fMRI 
studies (Sailer et al, 2000; Hutchinson et al, 2002; Mattay et al, 
2002; Labyt et al, 2006; Riecker et al., 2006; Ward et al., 2007; 
Vallesi et al., 2010) and might also be responsible for the increased 
frequency of MM, as previously shown in patients with agenesis 
of the corpus callosum (Mayston et al, 1999; Gallea et al., 2011). 
Indeed, our older group showed an increase in MM frequency, 
as the expression of a reduced ability to inhibit the tendency to 
activate bilateral motor cortices during a simple unimanual motor 
task (Cincotta and Ziemann, 2008). Thus, our results support the 
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Table 4 1 Hand motor performances are shown in both groups of participants (younger and older). 



Hand motor performances 


Younger group 


p-Value 


Older group 


p-Value 


p-Value 




Average ± SD 


K vs. L 


Average ± SD 


n vs. L 


Younger vs. older 


FT (Hz) 


L 4.9 ±0.79 


p < 0.001 • 


L3.65±0.55 


p< 0.001* 


p< 0.001* 




R6.44±1.13 




R4.51 ±0.68 




p< 0.001* 


Grip strength (i<g) 


L 0.92 ±0.24 


p = 0.051 


L0.71 ±0.18 


p = 0.051 


p = 0.016* 




R 0.96 ±0.26 




R 0.73 ±0.22 




p = 0.016* 


NHPT (s) 


L 17.05 ±1.62 


p < 0.001 • 


L 20.69 ±3. 06 


p< 0.001* 


p< 0.001* 




R 15.82±1.6 




R 18.87±2.14 




p< 0.001* 



FT finger tapping: NHPT, Nine Hole Peg Test; R-Hand, right hand; L-Hand, left hand; SD, standard deviation; L, Left; R, Right. 
'Statistically significant differences. 



hypothesis of an abnormal bilateral cortical activation in the early 
processes of physiological aging, as described in the literature dur- 
ing the execution of unilateral simple motor tasks, probably due 
to a disruption of inter- cortical inhibitory circuits. 

In our older group, the declined IHI was associated with a 
reduction of the cortical representation of hand muscle on the 
right (non-dominant) hemisphere. More specifically, while in the 
younger group APB and ADM muscles were symmetrically rep- 
resented on the two motor cortices, in our older subjects the 
cortical maps resulted smaller on the right hemisphere com- 
pared with the left (dominant) one. Moreover, in older subjects, 
APB cortical representation on the right hemisphere was signifi- 
cantly reduced compared with the younger ones. No significant 
differences were found between groups for ADM map on the 
right hemisphere, probably because ADM muscle is physiologi- 
cally poorly represented on motor cortices even in young people 
(Menon et al., 2014). As a consequence, physiological changes in 
hand muscles representations would be more apparent on the 
APB map. 

This finding of a reduced cortical hand muscles representa- 
tion on the right hemisphere in older subjects recalls the "right 
hemi-aging model" (Pfi'i -iS o; a' " "). This model is based on 
some evidence, especially in cognitive functions, of a progressive 
involution of the right cerebral hemisphere during physiological 
aging, but has never been demonstrated through neurophysio- 
logical studies, so far. Moreover, the hypothesis of a right hemi- 
sphere involution could explain previous findings of strong hand- 
dominance with a reduction of the prevalence of left-handedness 
in older subjects (Gilbert and Wysocki, 1992). Indeed, the pro- 
gressive decline in left hand muscle representation at the cortical 
level could lead aging subjects to use preferentially their right 
hand. 

We did not find significant differences in RMTs between the 
two groups, confirming the results of previous studies (Peinemann 
et al., 2001; Pitcher et al., 2003; Oliviero et al, 2006; Fujiyama et al., 
2012). Thus, it seems that normal aging would not be accompanied 
by a change in the excitabihty of the pyramidal cells membrane, 
suggesting that Na-|- and Ca2-|- channels of the pyramidal cells' 
axons are not modified by physiological aging (Ziemnnn et al., 
1996). A previous study showed increased RMTs in older subjects 
(Rosj;iiii ct al., 1992). This divergence could be explained by the 
higher age of the subjects (age-range 51-86 years) and the use of a 



different (circular) coil. Interestingly, Petitjean and Ko (2013) also 
found an increased RMT in the older group, but only on the right 
hemisphere (Petitjean and Ko, 2013). This latter result could be 
compatible with the "right hemi-aging model." 

As expected, the older group had slower hand motor perfor- 
mances. One could attribute such decline to the loss of muscle 
mass and strength primarily due to the loss of alpha motoneu- 
rons and the subsequent denervation of muscle fibers in aging 
(Doherty et al., 1993). However, these motoneuron losses are 
seen only after the seventh or eighth decade of age (Tomlinson 
aid Irving, 1997). Thus, earlier changes may be attributable to 
supraspinal mechanisms. Indeed, Pitcher et al. (2003) demon- 
strated a greater trial-to-trial variability in MEP amplitudes in 
older subjects, attributed to a reduced synchronization of I waves 
in the descending volleys. Moreover, aging is associated with 
changes in NMDA-receptors function, in particular at the striatal 
level (Landfield and Pitler, 1984; Disterhoft et al, 1996; '''' ' 
et al., 2001), leading to less efficient striatal processing of cortical 
information. Akopian and Walsh (2006) demonstrated age-related 
differences in long-term potentiation, associated with reduced 
sensitivity to block NMDA receptors. These modulations of cor- 
ticostriatal functioning in normal aging might thus contribute to 
age-related deficits in striatum control of movement. These data 
suggest that normal aging is accompanied by impaired glutamater- 
gic (excitatory) transmission. Moreover, inhibitory circuits would 
also be involved in the mechanisms of physiological aging since 
TMS studies demonstrated a reduced efficacy of intra-cortical 
inhibitory interneurons in older people. Indeed, apart from IHI 
deficits, age-related decreased short-interval intra-cortical inhibi- 
tion (SICI) and cortical silent period durations have been shown, 
illustrating deficits in GABAergic (a and b) transmission (Peine- 
mann et al., 2001; Oliviero et al., 2006; Fujiyama et al., 2012). 
Thus, all these previous data combined with ours suggest that early 
processes of physiological aging are accompanied by an imbalance 
in the regulation of inhibitory and excitatory circuits that might 
participate to the age-related worsening of motor abilities. 

Degradation of motor performance in normal aging would also 
be related to several other factors, such as corpus caUosum func- 
tions. Even unilateral movements require the functional integrity 
of the corpus callosum. Indeed, lesions of the corpus callosum 
increase the incidence of MM (Cox ct al., 2012), which are also 
often observed in young children who have an immature corpus 
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callosum (Mayston et al., 1999). It is thus not surprising that motor 
performances and ISP were significantly correlated in our study. 
This result might be an indirect correlation reflecting deficient 
corpus callosum connections and/or intrahemispheric inhibition. 
Indeed, ISP measurements reflect bilateral mechanisms involv- 
ing activation of transcallosal fibers from one hemisphere to the 
other and local intra-cortical inhibitory interneurons. Thus, an 
ISP reduction could be due to dysfunction of one or both of these 
components. This could explain why right ISP area reduction cor- 
related significantly with motor performance of both hands. If the 
functional decline within the right hemisphere tends to appear ear- 
lier than the left hemisphere, we may hypothesize that the right ISP 
measurements might be more sensitive to highlight correlations 
between motor performances and interhemispheric interactions. 
It would now be of great interest to study older aging popula- 
tions in order to determine how these intra- and interhemispheric 
interactions evolve with time. 

To conclude, our present findings suggest that early processes of 
physiological aging are marked by interhemispheric dissociation 
of motor cortices, characterized, at least in right-handed subjects, 
by a decline of the non-dominant hemisphere and of transcal- 
losal interactions. In order to better qualify these early age-related 
changes in motor control, it would be of great interest to explore 
the dynamics of such changes during skilled motor behavior. 

ACKNOWLEDGMENTS 

This study was partly supported by the loint Italian-Israeli lab- 
oratory San Raffaele-Weizmann (Italian Ministry of Foreign 
Affairs). 

REFERENCES 

Abe, O., Aoki, S., Hayashi, N., Yamada, H., Kunimatsu, A., IVIori, H., et al. (2002). 
Normal aging in the central nervous system: quantitative MR diffusion-tensor 
analysis. Neurobiol. Aging 23, 433-441. doi:10.I016/S0197-4580{0I)00318-9 

Akopian, G., and Walsh, J. P. (2006). Pre- and postsynaptic contributions to age- 
related alterations in corticostriatal synaptic plasticity. Synapse 60, 223-238. 
doi:10.I002/syn.20289 

Bodwell, J. A., IVIahurin, R. K., Waddle, S., Price, R., and Cramer, S. C. (2003). Age 
and features of movement influence motor overflow. /. Am. Geriatr. Soc. 51, 
1735-1739. doi:10.1046/j. 1532- 5415.2003.51557.x 

Cabeza, R., Anderson, N. D., Locantore, J. K., and IVIcIntosh, A. R. (2002). Aging 
gracefully: compensatory brain activity in high-performing older adults. Neu- 
roimage 17, 1394-1402. doi:10.1006/nimg.2002.1280 

Chen, R., Yung, D., and Li, J. Y. (2003). Organization of ipsilateral excitatory and 
inhibitory pathways in the human motor cortex. /. Neurophysiol. 89, 1256-1264. 
doi:10.1152/]n.00950.2002 

Chieffo, R., Inuggi, A., Straffi, L., Coppi, E., Gonzalez-Rosa, Spagnolo, R, 
et al. (2013). Mapping early changes of cortical motor output after subcorti- 
cal stroke: a transcranial magnetic stimulation study. Brain Stimul. 6, 322-329. 
doi:10.1016/j.brs.2012.06.003 

Cincotta, M., and Ziemann, U. (2008). Neurophysiology of unimanual motor con- 
trol and mirror movements. Clin. Neurophysiol. 119, 744-762. doi:10.1016/j. 
clinph.2007. 11.047 

Conover, W. ]., and Iman, L. (1982). Analysis of covariance using the rank transfor- 
mation. Biometrics 38, 715-724. doi: 10.2307/2530051 

Cox, B. C, Cincotta, M., and Espay, A. ]. (2012). Mirror movements in movement 
disorders: areview. Tremor Other Hyperkinet. Mov. (N. Y.) 2, tre-02-59-398-1. 

Davidson, T., and Tremblay, F. (2013). Age and hemispheric differences in transcal- 
losal inhibition between motor cortices: an ispsilateral silent period study. BMC 
Neurosci. 14:62. doi:10.1186/1471-2202-14-62 

Disterhoft, ). R, Thompson, L. T., Moyer, J. R. Jr., and Mogul, D. J. (1996). Calcium- 
dependent afterhyperpolarization and learning in young and aging hippocam- 
pus. Life Sci. 59, 413-420. doi:10.1016/0024-3205(96)00320-7 



Doherty, T. J., Vandervoort, A. A., and Brown, W. F. (1993). Effects of age- 
ing on the motor unit: a brief review. Can. J. Appl. Physiol. 18, 331-358. 
doi:10.1139/h93-029 

Dolcos, F., Rice, H. J., and Cabeza, R. (2002). Hemispheric asymmetry and aging: 
right hemisphere decline or asymmetry reduction. Neurosci. Biobehav. Rev. 26, 
819-825. doi:10.1016/S0149-7634(02)00068-4 

Ferbert, A., Priori, A., Rothwell, J. C, Day, B. L., Colebatch, J. G., and Marsden, C. D. 
(1992). Interhemispheric inhibition of the human motor cortex. /. Physiol. 453, 
525-546. 

Fujiyama, H., Hinder, M. R., Schmidt, M. W., Tandonnet, C, Garry, M. I., and 
Summers, J. J. (2012). Age-related differences in corticomotor excitability 
and inhibitory processes during a visuomotor RT task. /. Cogn. Neurosci. 24, 
1253-1263. doi:10.1162/jocn_a_00201 

Gallea, C, Popa, T., Billot, S., Meneret, A., Depienne, C, and Roze, E. (201 1). Con- 
genital mirror movements: a clue to understanding bimanual motor control. /. 
Neurol. 258, 1911-1919. doi:10.1007/s00415-011-6107-9 

Gilbert, A. N., and Wysocki, C. J. (1992). Hand preference and age in the United 
States. Neuropsychologia 30, 601-608. doi:10.1016/0028-3932(92)90065-T 

Giovannelli, F., Borgheresi, A., Balestrieri, R, Zaccara, G., Viggiano, M. P., Cin- 
cotta, M., et al. (2009). Modulation of interhemispheric inhibition by volitional 
motor activity: an ipsilateral silent period study. /. Physiol. 587, 5393-5410. 
doi: 10.111 3/jphysiol.2009. 175885 

Head, D., Buckner, R. L., Shimony, J. S., Williams, L. E., Akbudak, E., Con- 
turo, T. E., et al. (2004). Differential vulnerability of anterior white matter in 
nondemented aging with minimal acceleration in dementia of the Alzheimer 
type: evidence from diffusion tensor imaging. Cereb. Cortex 14, 410-423. 
doi: 10. 1093/cercor/bhh003 

Hoy, K. E., Fitzgerald, P. B., Bradshaw, J. L., Armatas, C. A., and Georgiou-Karistianis, 
N. (2004). Investigating the cortical origins of motor overflow. Brain Res. Rev. 
46, 315-327. doi:10.1016/j.brainresrev.2004.07.013 

Hutchinson, S., Kobayashi, M., Horkan, C. M., Pascual-Leone, A., Alexander, M. 
P., and Schlaug, G. (2002). Age-related differences in movement representation. 
Neuroimage 17, 1720-1728. doi:10.1006/nimg.2002.1309 

Inuggi, A., Amato, N., Magnani, G., Gonzalez-Rosa, J. J., Chieffo, R., Comi, G., et al. 
(2011). Cortical control of unilateral simple movement in healthy aging. Neuro- 
biol. Aging 32, 524-538. doi:10.1016/j.neurobiolaging.2009.02.020 

Labyt, E., Cassim, R, Szurhaj, W, Bourriez, J. L., and Derambure, P. (2006). Oscilla- 
tory cortical activity related to voluntary muscle relaxation: influence of normal 
aging. Clin. Neurophysiol 117, 1922-1930. doi:10.1016/j.clinph.2006.05.017 

Landfield, P. W., and Pitler, T. A. (1984). Prolonged Ca2+-dependent afterhyper- 
polarizations in hippocampal neurons of aged rats. Science 226, 1089-1092. 
doi: 10. 1 126/science.6494926 

Mattay V. S., Fera, E, Tessitore, A., Hariri, A. R., Das, S., Callicott, J. H., et al. (2002). 
Neurophysiological correlates of age-related changes in human motor function. 
Neurology 58, 630-635. doi:10.1212/WNL.58.4.630 

Mayston, M. J., Harrison, L. M., and Stephens, J. A. (1999). A neurophysiological 
study of mirror movements in adults and children. Ann. Neurol. 45, 583-594. 
doi:10.1002/1531-8249(199905)45:5<583::AID-ANA6>3.0.CO;2-W 

Menon, P., Kiernan, M. C, and Vucic, S. (2014). Cortical excitability differences in 
hand muscles follow a split-hand pattern in healthy controls. Muscle Nerve 49, 
836-844. doi:10.1002/mus.24072 

Meyer, B. U., Roricht, S., Gralin von Einsiedel, H., Kruggel, E, and Weindl, A. ( 1 995) . 
Inhibitory and excitatory interhemispheric transfers between motor cortical 
areas in normal humans and patients with abnormalities of the corpus callosum. 
Brain 118{Pt 2), 429-440. doi:10.1093/brain/l 18.2.429 

Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh 
inventory Neuropsychologia 9, 97-113. doi:10.1016/0028-3932{71)90067-4 

Oliviero, A., Profice, P., Tonali, P. A., Pilato, F., Saturno, E., DUeone, M., et al. 
(2006). Effects of aging on motor cortex excitability. Neurosci. Res. 55, 74-77. 
doi:10.1016/j.neures.2006.02.002 

Ota, M., Obata, T, Akine, Y, Ito, H., Ikehira, H., Asada, T, et al. (2006). Age-related 
degeneration of corpus callosum measured with diffusion tensor imaging. Neu- 
roimage 31, 1445-1452. doi:10.1016/j.neuroimage.2006.02.008 

Oxford Grice, K., Vogel, K. A., Le, V., Mitchell, A., Muniz, S., and VoUmer, M. A. 
(2003). Adult norms for a commercially available Nine Hole Peg Test for finger 
dexterity Am. }. Occup. Ther. 57, 570-573. doi:10.5014/ajot.57.5.570 

Peinemann, A., Lehner, C, Conrad, B., and Siebner, H. R. (2001). Age-related 
decrease in paired-pulse intracortical inhibition in the human primary motor 
cortex. Neurosci. Lett. 313, 33-36. doi:10.1016/S0304-3940(01)02239-X 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



August 2014 | Volume 6 | Article 209 | 8 



Coppi et al. 



Dissociation of motor cortices in aging 



Petitjean, M., and Ko, J. Y. (2013). An age-related change in the ipsilateral silent 
period of a small hand muscle. Clin. Neurophysiol. 124, 346-353. doi:10.1016/j. 
clinph.2012.07.006 

Pfefferbaum, A., and Sullivan, E. V. (2003). Increased brain white matter diffusivity 
in normal adult aging: relationship to anisotropy and partial voluming. Magn. 
Reson. Med. 49, 953-961. doi:10.1002/mrm.l0452 

Pfefferbaum, A., Sullivan, E. V., Hedehus, M., Lim, K. O., Adalsteinsson, E., and Mose- 
ley, M. (2000). Age-related decline in brain white matter anisotropy measured 
with spatially corrected echo-planar diffusion tensor imaging. Magn. Reson. Med. 
44, 259-268. doi:10.1002/1522-2594(200008)44:2<259::AID-MRM13>3.0.CO; 
2-6 

Pitcher, J. B., Ogston, K. M., and Miles, T. S. (2003). Age and sex differences 
in human motor cortex input-output characteristics. /. Physiol. 546, 605-613. 
doi:10.1113/jphysiol.2002.029454 

Riecker, A., Groschel, K., Ackermann, H., Steinbrink, C, Witte, O., and Kas- 
trup, A. (2006). Functional significance of age-related differences in motor 
activation patterns. Neuroimage 32, 1345-1354. doi:10.1016/j.neuroimage.2006. 
05.021 

Rossi, S., Hallett, M., Rossini, P. M., Pascual-Leone, A., and Safety of TMS Consensus 
Group. (2009). Safety, ethical considerations, and appUcation guidelines for the 
use of transcranial magnetic stimulation in chnical practice and research. Clin. 
Neurophysiol. 120,2008-2039. doi:10.1016/j.clinph.2009.08.016 

Rossini, P. M., Desiato, M. T., and Caramia, M. D. (1992). Age-related changes of 
motor evoked potentials in healthy humans: non-invasive evaluation of central 
and peripheral motor tracts excitability and conductivity. Brain Res. 593, 14-19. 
doi:10.1016/0006-8993(92)91256-E 

Rovaris, M., lannucci, G., Cercignani, M., Sormani, M. P., De Stefano, N., 
Gerevini, S., et al. (2003). Age-related changes in conventional, magnetiza- 
tion transfer, and diffusion-tensor MR imaging findings: study with whole- 
brain tissue histogram analysis. Radiology 227, 731-738. doi:10.1 148/radiol. 
2273020721 

Sailer, A., Dichgans, J., and Gerloff, C. (2000). The influence of normal aging 
on the cortical processing of a simple motor task. Neurology 55, 979-985. 
doi:10.1212/WNL.55. 7.979 

Spagnolo, F., C^oppi, E., Chieffo, R., Straffi, L., Fichera, M., Nuara, A., et al. (2013). 
Interhemispheric balance in Parkinson's disease: a transcranial magnetic stimu- 
lation study Brain Stimul. 6, 892-897. doi:10.1016/j.brs.2013.05.004 

Talelli, R, Waddingham, W., Ewas, A., Rothwell, J. C., and Ward, N. S. (2008). The 
effect of age on task-related modulation of interhemispheric balance. Exp. Brain 
Res. 186, 59-66. doi:10.1007/s00221-007- 1205-8 



Thibault, O., Hadley, R., and Landfield, R W. (2001). Elevated postsynaptic [Ca2+]i 
and L-type calcium channel activity in aged hippocampal neurons: relationship 
to impaired synaptic plasticity. /. Neurosci. 15, 9744—9756. 

Tomlinson, B. E., and Irving, D. (1997). The numbers of limb motor neurons 
in the human lumbosacral cord throughout life. /. Neurol. Sci. 34, 213-219. 
doi: 10. 10 1 6/0022- 5 1 0X(77)90069- 7 

Trompetto, C., Bove, M., Marinelli, L., Avanzino, L., Buccolieri, A., and Abbruzzese, 
G. (2004). Suppression of the transcallosal motor output: a transcranial mag- 
netic stimulation study in healthy subjects. Exp. Brain Res. 158, 133-140. 
doi:10.1007/s00221-004- 1881-6 

Vallesi, A., Mcintosh, A. R., Kovacevic, N., Chan, S. C, and Stuss, D. T. (2010). Age 
effects on the asymmetry of the motor system: evidence from cortical oscillatory 
activity Biol. Psychol. 85, 213-218. doi:10.1016/j.biopsycho.2010.07.003 

Ward, N. S., Swayne, O. B., and Newton, ). M. (2007). Age-dependent changes in 
the neural correlates of force modulation: an fMRI study. Neurohiol Aging 29, 
1434-1446. doi:10.1016/j.neurobiolaging.2007.04.017 

Zarei, M., Johansen-Berg, H., Smith, S., Ciccarelli, O., Thompson, A. J., and 
Matthews, P. M. (2006). Functional anatomy of interhemispheric cortical con- 
nections in the human bram. /. Anat. 209, 311-320. doi:10.1111/j.l469-7580. 
2006.00615.x 

Ziemann, U., Lonnecker, S., Steinhoff, B. J., and Paulus, W. (1996). Effects of 
antiepileptic drugs on motor cortex excitability in humans: a transcranial mag- 
netic stimulation study Ann. Neurol. 40, 367-378. doi:10.1002/ana.410400306 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 30 May 2014: accepted: 25 July 2014: published online: 11 August 2014. 
Citation: Coppi E, Houdayer E, Chieffo R, Spagnolo F, Inuggi A, Straffi L, Comi G and 
Leocani L (2014) Age-related changes in motor cortical representation and interhemi- 
spheric interactions: a transcranial magnetic stimulation study. Front. Aging Neurosci. 
6:209. doi: 10.3389/fnagi.2014.00209 

This article was submitted to the journal Frontiers in Aging Neuroscience. 
Copyright © 2014 Coppi, Houdayer, Chieffo, Spagnolo, Inuggi, Straffi, Comi and Leo- 
cani. This is an open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums is 
permitted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. No 
use, distribution or reproduction is permitted which does not comply with these terms. 



Frontiers in Aging Neuroscience 



www.frontiersin.org 



August 2014 | Volume 6 | Article 209 | 9 



